Background: The study of low-energy neutrinos and their interactions with atomic nuclei is crucial to several open problems in physics, including the neutrino mass hierarchy, CP-violation, candidates of Beyond Standard Model physics and supernova dynamics. Examples of experiments include CAPTAIN at SNS as well as DUNE's planned detection program of supernova neutrinos.
I. INTRODUCTION
Within the realm of neutrino physics, one area of research that has a lot of potential for exciting new discoveries lies in the study of low-energy neutrinos. The interaction of these with atomic nuclei provides crucial information needed for several open questions in physics. DUNE [1, 2] can, for example, as part of their low-energy (LE) neutrino program, distinguish between the two hierarchy scenarios in the detection of supernova neutrinos as explained in e.g. [3] , where mention is also made of the prospect to probe Beyond Standard Model (BSM) physics such as sterile neutrinos, neutrino magnetic moments and Non-Standard Interactions (NSI). Furthermore, the measurement of low-energy neutrinos is crucial to supernova research, where detecting the outgoing neutrinos can be used to study the underlying supernova dynamics and the interactions that the neutrinos engage in [3] . Finally, another avenue worth mentioning lies in the experimental measurement of coherent elastic neutrino-nucleus scattering (CEνNS) [4] [5] [6] .
Inelastic cross sections induced by low-energy neutrinos (10s of MeVs) have been measured in the past for carbon and iron by the LSND and KARMEN collaborations [7, 8] . Several experiments have been proposed for the near future to measure supernova neutrinos at higher precision, including the aforementioned DUNE as well as e.g. JUNO [9] and Hyper-Kamiokande [10] . These require significant research and development efforts in order to * Nils.VanDessel@UGent.be † Natalie.Jachowicz@UGent.be properly calibrate the detectors that are to be used, including a better knowledge of the cross sections. One necessity is to have access to neutrinos of similar kinematics to those produced in supernovas. The Spallation Neutrino Source at Oakridge (SNS) [11] is an example of such a facility. As a byproduct of its primary purpose of producing neutrons, the SNS also creates neutrinos of several flavors. These are born out of pions decaying at rest (DAR), yielding monoenergetic muon neutrinos at E νµ = 29.8 MeV as well as electron neutrinos and muon antineutrinos, with their normalized flux pictured in Fig. 1 , the well-known Michel spectra. Part of the CAPTAIN [12] program is to have the CAPTAIN Liquid Argon Time Projection Chamber (LarTPC) detec-
Diagrammatical representation of QE neutrinonucleus scattering, pictured here for the case of a CC interaction.
tor run at the SNS [13] . This will yield crucial information on the neutrino-nucleus cross sections, but also on how to characterize these events in the analyses. A proper analysis of all the produced particles is a necessity to perform accurate calorimetry in SN neutrino experiments. Since it is of relevance to further discussions in this paper, we also make mention of the fact that special- Ar. Parallel to all of these developments lies a need to theoretically study and model cross-sections for charged current (CC) and neutral current (NC) interactions of SN neutrinos with nuclei. Past efforts to that effect include calculations performed in RPA frameworks such as Refs. [18] [19] [20] [21] [22] [23] [24] , shell model [25, 26] (or hybrid models of the two [27, 28] ) as well as QRPA [29, 30] and local Fermi Gas-based RPA approaches [31] [32] [33] . We also mention previous CRPA results in [34] [35] [36] . A comparison between shell model, RPA and CRPA results was performed in [37] . Model-independent calculations of cross sections were also provided, in Refs. [38, 39] . In this paper, we present cross section calculations for low-energy quasielastic (QE) CC and NC neutrino-nucleus scattering in a CRPA approach, with a focus on 40 Ar.
II. MODEL
We will briefly discuss the model used for our calculations. The cross section for inclusive QE electroweak scattering of neutrinos off atomic nuclei is given by the familiar expression:
where σ X is G F cos θc 2π 2 for CC scattering and
for NC. In turn, G F is the Fermi constant that encodes the strength of the weak interaction, while cos θ c is the Weinberg or electroweak mixing angle. The factor ζ 2 (Z , E f ) is related to the Coulomb interaction between the escaping lepton and the residual nucleus. In the case of NC, it is simply 1. We will come back to the specifics of this factor further on. The cross section also differs for neutrinos and antineutrinos due to the V-A nature of the electroweak interaction, as shown by the ±-sign in the transverse interference term. The v-factors are the leptonic functions, while the W -factors are the nuclear response functions, which contain all the nuclear information on the reaction to the electroweak probe. They are a function of the transition amplitude between the initial |Φ 0 and final |Φ f state:
This nuclear current is the Fourier transform of the current in coordinate space:
where ω and q are the energy and momentum transfer, respectively. One performs a multipole expansion of the nuclear current, which can be used to exploit angular momentum algebra. If one chooses the z-direction along the momentum transfer q:
(4) Expressions for the nuclear one-body current and de-
and magnetic (T M J,L ) multipole operators can be found in e.g. [40] . Worth mentioning at this stage in the context of low-energy neutrinos, is the 'allowed approximation'. Under this approximation, valid at low energies and typically used in beta-decay calculations, it is customary to employ both the long-wavelength limit q → 0, and to assume that one is dealing with slow nucleons p N /m N → 0. Under these assumptions, one can show that the only terms surviving in the multipole decomposition of the nuclear current for CC interactions (similar considerations hold for the NC current) are the following:
where F 1 and G A are the Fermi and axial form factors, respectively. These are the well-known Fermi and GamowTeller transition operators. At sufficiently low energies, they provide an adequate description of the nucleus' response to an electroweak probe. Because they are responsible for the largest part of the reaction strength, the transitions they give rise to are known as 'allowed', with the J P quantum numbers of the operators 0 + and 1 + , respectively. Conversely, higher-order transitions are often referred to as 'forbidden' transitions. As we will show, the latter are still important at the energies considered in this context. In this paper, the nuclear responses are calculated in a Continuum Random Phase Approximation (CRPA), where long-range correlations and collective excitations of the nucleus are taken into account. We mention that in these calculations, we use the free-nucleon value for the axial coupling of g A = 1.27, whereas some models use an effective quenched value of around g A = 1.00. This issue is discussed in Ref. [41] , where it is argued that the need for such a quenching may appear as a consequence of an absence of nuclear correlations or an insufficiently large model space in the modeling.
Within the CRPA approach, excited states of the nucleus are described as coherent superpositions of particlehole and hole-particle excitations out of the correlated ground state:
where c contains all the quantum numbers to unambiguously label an excitation channel. The local RPA polarization propagator, containing all the information on excited states, is implicitly defined as
withṼ (x, x ) the antisymmetrized residual interaction, E exc the excitation energy of the nucleus and x a shorthand for spatial, spin and isospin coordinates. The residual interaction used is the same Skyrme force that is employed to calculate the single-particle wave functions, so that the scheme is self-consistent. Partially filled shells such as those present in 40 Ar are dealt with by including occupation probabilities in the transition amplitudes:
withÔ representing a general one-body operator and v 2 h being the occupation probability of the shell h. Further details and previous applications of this model can be found in Refs. [35, [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] . We mention that the CRPA model described above is also successful at describing the quasielastic region at higher energies, such as those relevant to baseline experiments [49-51, 53, 54] .
Finally, we turn our attention to the topic of Coulomb interactions between the outgoing lepton and the residual nucleus in charged-current interactions. At low energies, this is expected to have a strong effect on the cross section due to the low momentum of the charged outgoing lepton. In our discussion we will consider two effective schemes to account for the Coulomb distortion. At low outgoing lepton energies, of the order of magnitude applicable to e.g. beta decay, one can make use of the Fermi function [55] :
where R ≈ 1.2A 1/3 fm is the nuclear radius, γ 0 = 1 − (αZ ) 2 , E f is the outgoing lepton's energy, p f outgoing momentum and η = ± αZ c v . with + and − for neutrinos and antineutrinos respectively. Similarly, the final nuclear charge Z is equal to Z + 1 or Z − 1 for ν/ν, respectively. This approximation assumes that the outgoing leptons only contribute sizeably as an s-wave to the reaction strength, and is therefore not applicable at higher outgoing lepton energies [55] . Therefore, in these regimes, we will consider a different scheme, the modified effective momentum approximation (MEMA), detailed in Ref. [55] , where the energy and momentum of the final lepton is shifted to an effective value by the Coulomb energy in the center of the nucleus:
which introduces a factor in the cross section that accounts for the change in phase space:
and induces a shift in the momentum transfer q → q ef f in the calculation of the amplitudes in Eq. (2). In practice, we will interpolate between the two schemes. This approach consists of taking for each value of ω in the differential cross section the smallest or highest value of the two, respectively for neutrinos and antineutrinos where the effect of the Coulomb interaction is to increase resp. decrease both the differential and the integrated cross section [55] . In short: we take the value of ζ 2 (Z , E f ) that is closest to unity. The effect of this is shown in Fig. 3 . At low incoming neutrino energies, the interpolation scheme matches that of the Fermi function, whilst at higher energies, where reaction strength contains increasingly more contributions from events with high momentum of the final lepton, the scheme matches that of the MEMA. We show this for several nuclei. over the whole energy range, while for 40 Ar and 56 Fe, the Fermi function and MEMA schemes cross between 60 and 70 MeV. In general, the heavier the nucleus, the more limited the Fermi function will be in its area of applicability. A similar comparison of Coulomb schemes was performed in Ref. [32] . The total charged-current (νe, 56 Fe) cross section, shown for various models. The solid curve represents the CRPA result, the short-dashed curve is taken from [32] , the dotted curve from [23] , the dot-dashed curve from [56] , the double dot-dashed curve from [29] and finally the long-dashed curve from [30] III. RESULTS Before we cover the results for neutrino-argon calculations, we wish to compare our model predictions with other recent studies at these energies. In Fig. 4 we confront the CRPA results for 56 Fe to those of other models. The comparison is fine, except that the strength lies comparatively low for lower energies. This is because of the fact that, within the CRPA, discrete excitations are not taken into account.
In Fig. 5 we compare with other model predictions for argon. A similar comparison holds. The results from MARLEY match surprisingly well with those from [32] , in spite of using a different, Fermi Gas-based RPA model. The other two models predict lower strength at higher energies. For Ref. [26] in particular, using a shell model, it is argued that this is due to a limited valence space for excited states at higher energies.
We now provide CRPA model predictions for neutrino- 40 Ar cross sections at low incoming neutrino energies. We first present total cross sections as a function of incoming energy. In figures 6, 7, 8 and 9 we show the reaction strength for CC and NC, for both incoming ν e andν e .
In the plots the total cross sections are shown for different multipole cutoffs J. We also show the contribution of natural (0 The total charged-current (νe, 40 Ar) cross section, shown for various models. The solid curve represents the CRPA result, the dashed line is the shell model result taken from [26] , the dotted line the QRPA result from [24] , the dashdotted line and dash-double dotted line (which overlap to a degree) are from the FG-based RPA result from [32] (using MEMA) and MARLEY [57] , respectively.
non-trivial contributions arising from the forbidden 1 − and 2
− transitions in the continuum channels. The importance of these two in particular was similarly noted in Ref. [26] . Even higher order multipoles start becoming visible above 50 MeV. The 0 + reaction strength is negligible for excitations into the continuum. In comparing the CC and NC result, one notices that the difference in strength between neutrinos and antineutrinos is noticeably larger for the former. A key reason for this is the Coulomb interaction with the outgoing lepton, which enhances or decreases the cross section for neutrinos and antineutrinos, respectively.
Next, we cover the energy dependence of the contributions of different multipole moments. We first take a look at the differential cross section dσ dω for 40 Ar in Fig. 10 for several incoming energies. For clarity, we do not show the 0 − and 0 + contributions, since these are small. At 25 MeV incoming energy, we can see that the cross section is quite well described in an allowed approximation, with the differential cross section almost coinciding with the 1 + transition strength, except for a small difference in the tail. At 50 MeV, this is no longer an adequate approximation, with significant strength coming from the 1 − and 2 − transitions, affecting the shape of the excitation spectrum as well. Finally, at 75 MeV, even higher order multipolarities become non-negligible. In Figs. 11 and 12 we investigate the A-dependence of the cross sections. Comparing Figs. 6 to 11 and 12, one observes that even for a relatively small nucleus as 12 C, forbidden transitions are non-negligible at higher energies, but not to nearly the same degree as they are for 40 Ar and 56 Fe, 
The total charged-current (νe, 40 Ar) cross section, with cumulative reaction strength induced by multipole operators of quantum numbers 0 to J, for natural, unnatural and all transitions.
both of which show a qualitatively similar picture, not differing too significantly in size. In general, the larger the target nucleus, the more multipoles will be necessary for convergence of the cross section.
In order to appreciate the effect that the individual multipole contributions will have in an experimental context, it is instructive to take a look at folded cross sections. For now, we make use of the spectra displayed in 
The total neutral-current (ν, 40 Ar) cross section, with cumulative reaction strength induced by multipole operators of quantum numbers 0 to J, for natural, unnatural and all transitions. associated fluxes
and 
Total 
The total neutral-current (ν, 40 Ar) cross section, with cumulative reaction strength induced by multipole operators of quantum numbers 0 to J, for natural, unnatural and all transitions.
All three paint a qualitatively similar picture in terms of relative contributions, except for the case of NCQE (ν µ , 40 Ar), where theν µ flux peaks at a higher value, as seen in Fig. 1 . Therefore the 2 − transition strength has a larger relative weight. And although small, even the 2 + , 3 − and 3 + transitions cannot be neglected when high precision is desired. We conclude that working strictly in an allowed approximation is not desirable, and forbidden transitions must be properly accounted for in the model- ing of low-energetic neutrino-nucleus scattering events. Therefore it is worth noting that the Monte Carlo generator MARLEY [17] employs Fermi and Gamow-Teller transitions in its modeling of charged-current neutrino- 40 Ar scattering, but does not go beyond this [57] . In light of our results, the implementation of forbidden transitions should be considered important. 
The total charged-current (νe, 12 C) cross section, with cumulative reaction strength induced by multipole operators of quantum numbers 0 to J, for natural, unnatural and all transitions.
IV. SUMMARY
Argon represents an important nuclear scattering target in low-energy neutrino research. We have presented calculations for (ν, 40 Ar) scattering. We employed a Continuum Random Phase Approximations (CRPA) framework, which allows us to model the responses and include the effects of long-range correlations. The Coulomb in- 
Total
The total charged-current (νe, 56 Fe) cross section, with cumulative reaction strength induced by multipole operators of quantum numbers 0 to J, for natural, unnatural and all transitions.
teraction of the outgoing lepton is accounted for in an effective way by interpolating between the Fermi function, valid at low outgoing charged lepton momenta, and the Modified Effective Momentum Approach (MEMA) at higher ones. Subsequently comparing model results for 56 Fe nuclei, one notices that the model predictions compare favorably. Finally, we presented our predictions for 40 Ar, for both neutral and charged current events, where the important role played by forbidden transitions is evident. Even in a typical experimental scenario of a π + decay-at-rest neutrino spectrum, this is still the case, with strong contributions from the 1 − and 2 multipoles, and smaller contributions for higher multipolarities. 
